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Abstract

Quarantineg heat treatment to disinfest oriental fruit fly (Dacus dorsalis H.) in
mangoes {(Mangifera indica L.} is necessary for fruits exported to developed countries.
Objective of this research was 1o develop a microwave-vapor heat treatment {(MVHT) in
mango to guarantine criental frut fiy. Factors affecting an increase in internal temperature
were preliminanly studied. Further, Thermal-Death-Time (TDT) and Thermal-Quaiity-Time
(TQT) overlay plot was established. MVHT treatments were finally developed based on TDT
and TQT information. Results show that an effective quarantine temperature should be
higher than 46°C with varied holding time at a constant temperature ug to 20 minutes. The
development of MVHT resulted in internal temperature range from 48-55°C with 100%
disinfestation of griental fruit fly egg. Physio-chemical properties of MVHT mange, namely,
color, titratable acid (TA), total soluble sclid (TSS), TSS/TA, and firmness, were nct
significantly difference (p>0.05) than the control. MVHT offered less percent of heat damage
on mango than conventional VHT and shortened quarantine process time more than 90%

during come-up period.
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EFFECTS OF MICROWAVE POWER, TREATMENT TIME AND SAMPLE
ORIENTATION ON HEAT DISTRIBUTION IN MANGO

J. Varith, T. Kiatsiriroat

The authors are Jaluphong Varith, ASAE Member Engineer, assistant professor, Department of Agricultural and Food
Engineening, Meayo Umversity, Chiang Mat, Thaland, and Tanonghiat Kiatsiriroat, Nok-ASAE Member Ergineer,
Professor, Department of Mechanica! Engzneering, Cluang Ma University, Chiang Mai, Thaland Corresponding authar: J
Vanth, Department of Agrnienliural and Food Engineesing, Meajo Umversity, Chiang Mai, 50290, Thailand,; phone: +66-53-
878-123, fax +66-53-498-902, e-mal jamphon@mju.ac.th

ABSTRACT. Quarantine heat treaiment to disinfest onental frit fly (Dacus dorsalis H.) m mangoes
(Mangifera mdica L.) is necessary for fruits exporied to developed couniries. Microwave provides rapid heating
m food materials which may shorten the fruit quarantine process. The objectives of this wark were (o
preliminarily assess hear peneiration of microwave in mango and 1o determine the optimal condition to obtain
vruform heating in mango. A 800 W microwave oven was used to provide heating on export-graded ‘Chokanan’
mango (weight of 320 g 7 fruir). Experiments were conducted 1o invesngaie faciors mcluding microwave power,
heating time, and sample orientation affecting heat peneiration and heat distribution in mango. Internal
temperalure mapping of the mange was obtaimed o assess heal distrburion inside the fruir along with
ihermogram to diustrate its surface iepiperaiure It was found thar mango heated with microwave power of 50%
for 40's yielded an interal temperarire of 45 °C ar 23 mm underneath the skin where the flesh was thickest and
suscepible to the slowest heating With the aforementfoned condition, rango treated with microwave in the
horizental posion provided better heating uniformiry than did in the vertical one. Microwave heat treattnent on
mangoes may offer advantages over the standard vapor heat treatment (VHT) during come-up tune, in terms of
less energy consumption, easier implementation for a continuous system, and possibly betrer product quality
relention due 10 5A0T18r COME-up featmg lung,

Keywonrds, Mango, Microwave, Quaranune treaiment, Orienial fruit fly, Thermogram.

INTRODUCTION

Mango (Mangifera indica L.} is one of the most important agricultural products of Thailand

which shows a great potential for export. In 2001, Thailand produced 1.25 million tors of mangoe:
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hiowever, only about 3-5 thousand tons of which were exported to foreign countries {Sithichai, 2002;
where the remaining was consumed domestically. In order to export mango to some developed
countries such as Japan, the United States and Australia, quarantine treatment to disinfest oriental fruit
fly (Dacus dorsalis 1) is required. The common method used to control feuit fly in mangoes 15 by
vapor heat treatment (VHT). Unahawutti et al. (1993} reported that heat tolerance of oriental fruit fly
{irst instars to VHT for *Nam Dokmat’ mango was 46.5°C with holding time of 5 min. With this
condition 100% of the oriental fruit fly first instars can be killed. Even though VHT are accepted for
current quarantine treatmuent, it3 slow came-up heating time 1s a drawback and lumit the efficiency of
productivity. For example, Nam Dokmai mango required more than 100 min 1o increase its center
temperature to 46.5°C with VHT {Unahawniti et al., 1993). Thus, alternative process to reduce
treatment time of mango quarantine treatment could be a challenge. X-ray (Thayer, {990} and ¢lectron
beam (Drake and Neven, 1997) are aliernative technologics for fruit-exporting pest control but they are
still in the stage of industrial implemestation for mango industry in Thailand {Suthumchai and
Chunjirakul, 2003). Since both technologies are non-thermal processes, they may ofter advantages
over heat treatment in terms of product quality retention and posgibly short treatment time. However,
the associated high costs of investment and maintcnance may reduce its viability for commerciat
production.

Microwave (MW) heating is an alternative to VHT that may be used to control fruit fly in mango.
MW provides rapid heating to food materials by rotating back and forth the polar molecules {e.g.,
waier) inside the food more than million times per second. With such extreme rotation, kinetic energy
is transformed into heat (Buffler, 1993). Tkediala et al. (1999) applied a 915 MHz MW heating to study
pest control in cherries and found that mortality rate of codling moth ranged from 39 to 98%. They
suggested that MW energy may provide an aliecrative non-chemical quarantine treatment in chermes
but further study is needed to optimize the treatment protocol for insect control ard fruit quality.

Karabulut and Baykal (2002} applicd the 2,450 MHz houscheld MW to heat the peaches inoculated
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with Botrytis einerea and Penicilluim expansum. After being heated for 2 minutes, rate of infection on
peaches was significantly less than the control. MW treatment did not deteriorate the firmness of peach
samples nor cause cracking on skin as well

There are two major issues concerning MW beating on food materials; heat penetration and heat
vatformity of MW in food stuffs (Ryynanen, 2002}, Heat penctration of MW in food depends on
geometry, structure, and electromagnetic propertics of foods called dielectric constant (£7) and
dielectric loss factor (7). One of the most important charactesistics of MW heat penetration is
penetration depth (d,), which is defined as “the depth below a large plane surface of a substance at
which the power density of a perpendicularly impinging, forward propagating plane electromagnetic
wave has decayed by Ve from the surface value (Vex37%)" (Ryynanen, 1995). If ¢"/c’ is smaller than
about 0.5, 4, can be calculated as a function of &’ and £ as follow:

27e

d

i

1]

where A 1s free space microwave wavelength (for 2,450 MHz, A= 122 mm). It was reported that
d, of fruits and vegetables are normally between 10-15 mm (Buffler and Stanford,1991). Venkatesh
and Raghavan (2004) reported that £ and £ of mango were 61 and 14, respectively. Wiih these
values, o, of mango can be calculated using Eq. 1 and found to be 10.8 mm. Therefore. question arises
whether or not MW can penetrate and be converted into heat at the thickest part of mango (=20-23 mm
at the cheek) to implement the odental fruit fly quarantine heat treatment. On the other hand, MW is
known for its non-uniform heating. Different design of MW cavity significantly affects pattern of MW
distribution and heat absorption in food stuffs. Also different dielectric properties of food componeats
and their dispersion inside the food as well as position and geometry of the food sample inside the MW
cavity greatly influence local heat absorption and heat distribution in food sample. The compiex factors
affecting the non-uniform heat absorption and keat distribution was documented in van der Veen

{2004).
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The objectives of this work were to assess beat penclration and to determine the optimal
condition to oblain a relatively uniform heating in mango as a preliminary study for fruit export
guarantine freatment. Success on this work can 1cad 1o further devclopment of MW quarantine
treatment combinmg with VHT to improve beating efficiency and reduce treatment time for mango

exporting quarantine process.

MATERIALS AND METHODS

MATERIALS

Export-graded ‘Chokanan' rango harvested from local orchard in Chiang Mai, Thailand, was
used in this experiment. Samples were stored at 13°C/80%RH in refrigerator for 2-3 days prior to this
study. Maturity of mango was 75% (commercially estimated), following guideline of VHT for mango
export according io Agriculture Regnlatory Division, Department of Agriculture, Thailand. Before the
tesiing, the mangoes were stored in ambient condition {25°C/70%RH) for 5 hours to warm up the fruit.
Basic physical properties of mango were measured and presented m Table 1.

Table 1, Busic thermo-physical properties of Chokanan mango (flesk} used in MW heating experiment.

Fhysical Properties. Value Unut Measuring devics / method
Fruit mass (50 samples) 120431 £ 0.01g. procisin balance
Densiry 1 69001 x1¢ kgm' Mass / vohome
Firmness 32694072 Nm 45° coucal hand penemometer
Turaable acidity 017120072 % Indicator method
Theomal conductivity 05270011 Win-oC Lane-heat source probe
Specific hea 374310217 Kxp-oC Differential scarmmg celerimetry

Note Means of 5 mcasurements wiih standard devianons or as indicated.

EFFECT OF MW POWER AND TREATMENT TIME ON HEAT PENETRATION

Since electrommagnetic field inside the household MW cavity was in 3-dimensional direction, it is ,
in this experiment, too complex 10 evaluate beat penefration using the theoretical 4, defined by

Ryyninen (1995). Therefore, heat penetration was evaluated from heat concentrated inside mango
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wlich can be measured by thermocouples after MW heating. The aim of this experiment was to
achieve an internal temperalnre of mango closest to the pit (approximately 20-25 mm undemeath the
skin) to approximately 47°C, which was the effective temperature (o disinfest the fruit fly lacvae.
Experiment was conducted by treating the mango with a 800 W-household MW oven (2,450 MHz)
under the combination of MW power and heating time. MW power was regulated for 2 levels, S0 and
100%, white heating time was designated for 2 intervals, 20 and 40 s. Each treatment was replicated 3
times. During treatment, the mango was positioned vertically on a polypropylene support and rotated
along sterm-apex axis (Figure 1), Immediately after each treatment, termperature of mango closest o the
pit was measured in ambient condition {25°C/70%RH) using thermocouple probe type T (moere details
of temperature measurement apparatus arc discussed further). Thermocouple probes were infruded
toward the pit at the cheek of tnango {at point 6 in Fig. ). Then temperature measurement was carried
out for 5 min, Average lemperature profiles were plotted and compared for each condition. Treatment
that brought about the infernal temperature of mango closed to 47°C was selected for further heat

distribution study.

Rotational C‘ T
direction

Polypropylene
plastic support

Front view Side view

Figure L. Rotational direction of vertical positioning mango treated with 2.450 MHz MW. Number indicates

location on froit where fem peratures were measured.
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EFFECT OF SAMPLE ORIENTATION ON HEAT DISTRIBUTION

A condition of heating power and treatment time that yielded the internal temperature of mango
¢losest 1o 47°C from heat penetration siudy was selected for the study of heating uniformity. For each
treatment, mango was positioned in ¢ither horizontal or vertical orientation (Fig. 2) and rotated while
being MW heated. For treatment with horizontal positien, mango was additionally rotated along its
stem-apex axis manually due to the lack of rotating mechanism around x-axis. This manunal rotation
was carried oot by pausing the MW oven af half-time during each treatoent, turaing the sample over
and restarting heating until finished. After each treatment. temperature profiles at 8 locations and 3
different depths underneath the skin were quickly acquired (10, 20 mm and at the pit =22.6 mm). For
cach measurement depth, experiment was tripficated. Internal temperature of the mange was mapped
nto a 3-D model with layers of temperature to dewonstrate heat distribution at different depth inside
the mango. Moreover, thermal images of treated mango were acquired using thermal scanning camera
model [R Snapshot™ (Infrared Solutions, Inc. Plymouth, MN, USA) to accompary heat distribution

patiern at the skin with internal temperatures of the mango.

Vertical ! y
orientation

Honzonutal
onentation

e

Figure 2. Positions of ssmple orientation and tri-axial distances between sample and cavity wall inside MW

oven. The z-axis (not shown in the fignre) was the inward distance between mango and cavity wall.

TEMPERATURE MEASUREMENT APPARATUS

Temperature measurement apparatus consisted of 8 custom-made temperature probes, a
datalogger and a persoral computer. Each temperaturc probe of 30 mm in length was assembled froim a

stainless steel needle gage 13, soldering tip with fine gage thermocouple type T (Omega Engineer Inc.,
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Stamford, CT, USA), and filled with heat conductive paste. Temperature probes were connected o a
datalogger model AI210 {Wisco, Co. Ltd, Bangkok, Thaitand). Data were logged through a serial port
nte a personal computer using data acquisition software. Temperature measurenment apparatus was
calibrated with a certified mercury thermometec in a water bath. Accuracy of temperature measurement
apparatus was found to be +0.5°C within a range of 0-60°C (error [ess than 1%). It should be
mentioned that all temperature measurements on MW-treated mangoes were performed quickly after
the MW treatment. An in-placed temperature measurement during MW heating is possible via optic
fiber temperature sensor without sample rotation; however, the equipment was not available during the
course of our experiment and also did not match with the measurement configuration undergoing the
rotatien, Even though the post-freatment temperature measurement provided less accuracy, it provided

all needs 1o evaluate the temperature history for to accomplish ovr desired temperatare.

REsULTS

EFFECT OF MW POWER AND TREATMENT TIME ON HEAT PENETRATION

Internal femperatures of the mango at 22.6 mm undemesth the cheek (point 6 in Figure 1)
reached 35,7207, 37 440.6, 45.10.6, and 52.3x17°C after the MW treatment with power of 30 and
100% for 20 and 40 s (Fig. 3). After 5 min of temperature measurement in ambient condition, internal
temperature of the mango started to decay due to heat conduction, possibly entward to the skin, Since
MW treatment with 50% power for 40 s increased intemal temperature of the mango to 45.1°C
(approaching target teraperature of 47°C equivalent to effective temperature by VHT quarantine
treatrient), this treatment was selected for further heat distribution study. It should be noted that the lag
time for temperafuce probe setup on mango was approximately about 60 s. During this lag time, actual
temperature of mango was not known but can be estimated by 2*¢ polynormnial model as follow:

Y=aeX24beX +¢ {2




26

158

159

160

161

162

163
164
165

1660

167

168

169

170

171

172

173

174

where Y is predicted temperature; X is fime: and a, b, and ¢ arc constants from curve fitting. Even
though the actual temperature history during the time of -120 to 0 ¢ (period of MW heating plus sctup

lag 1ime} was not accurately measurable, it may be of less interest than the information obtained after

the actual measurerment began (t 20 sec).

Temperature {*C)

L .
E Predicted data at time -50s
1

using model Y=a. (X'2)+b.(Xrrc

[
EEI .'. ‘——i\i_{_\i—i——I—:“__I_I
50%. 40s

"
40 £

o 4
[ R o
- | LF: 4 e w m o By 100%. 208
o H 50%, 205
;) v = —— [T IMeasuramert setup pericd
q= & ]
!
[ R [CIMicrowave treatment penad
2 e —————————————
-120 -80 -50 30 0 30 &0 40 {120 150 180 210 240 270 300 330 360

Time (sec)

Figure 3. Internal ltemperature of mangoes closest (o the pit (approxiniately 22.6 mm beneath the skin) after
being treated with MW power of 50 and 100% for and 40 and 20 s. Each point represents & mean of 3 replications with
error bars of 95% confident interval. The predictive modad yidds the ¥ ol 0.93.

EFFECT OF SAMPLE QORIENTAFTION ON HEAT DISTRIBUTION
Figure 4 shiows general trend of temperature distribution inside the mango and at its surface. The
temperature of inside layer was hotter than the outer layer. With MW power of 50% treated for 40 s
where mango was in vertical position (Fig. 4a), temperature distribution was rot uniform. Heat from
MW energy concentrated raore at the areas near stem and apex than other parts. On the other ltand,
horizontal pesitioning mango (Fig. 4b) showed better heating uniformity with more consistent
temperature pattern in ¢ach layer than did in vertical positioning one. Internal temperature of horizontal
positioning mango distributed from the higher temperature near the pit to the lower temperature toward

the skin. Thermogram also indicates that surface temperature of treated mango was more uniform in
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korizontal positioning mango than did in vertical positioning mango. Surface temperature of harizontal
positioning mango varied within 7°C while that of vertical positioning mango varied up to 24°C, as
shown in the associated color scale in each thermograwm. This result confirms that crientation of the
sample inside MW cavity significantly affected local heat absorption of treated mango. It seemed tha:
electromaguoetic tield of MW igside oven cavity may be more intense near the top and the bottom parts
of MW cavity wall thao at the center so that slem and apex areas absorbed more heat than did in cheek
area for the vertical positioning mango. For horizontal positioning mango. stem and apex areas were
subjected to less MW intensity field because they were oriented away from the top and the bottom
parts cavity wall, This resulted in the more even heat distribution in horizontal positioning mange than

did in vertical one.

u

8

Y

Figure 4. Sectipnal view of internal and sucface temperature distributions of {a.) vertical and (b.) horizontal
positioning mangoes treated with MW using 50% power [or 40 sec. Each nameric temperature in the profile
represents a mean of 3 measorements. Color of thermogram is coded in degree Celsius vsing color-scaled bar, N/A

refers to not available data due (o experimental evror.

After mangoes were treated with MW under different conditions. half of them was stored at
ambient condition ( 23°C/70%RH) while the other half was at } 3°C/80%RH refrigerator for 72 hours

before visual inspection. For vertical positioning treatment. mangoes stored at both conditions
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developed heat damages at stem and apex areas where heat were excessively absorbed {Fig. 5). For

herizontal pesitioning treatment, no damage was observed in mangoes after storing at both conditions.

Thermocouple

dc” probe trace
Heat damage eal damage
E B E o
Werbeal poziton Horizontal positien Werneal pasihon Honzoowl positon
stored wn ambaent stored i amnbaent slored at 13°C 1 85%RH stored a2 13°C 7/ 85%RH
cendinen for 72 hrs wondition for T2 ks for 72 hrs for 72 hes

Figure 5. Visual appearances of MW-treated mango with 50% power for 40 s stored at rmbient condition
(25°C/70% RH) and in 13°C/85% R H refrigerator for 72 k. No heat damage was observed with horizontal positioning

ireatment.

Discussion

MW energy in this experiment provided heat penetration through the depth of 23 mm inside
mango. sufficiently to generate the desired internal temperature close to 47°C. As Fig 4 illustrates.
temperature of the inner layer is higher than of the outer one. Therefore. it seerns that penetration depth
of this MW configuration exceeds the theoretical value of 10.8 mm, possibly deeper than 23 mn. This
phenomenon may be a consequence of MW focusing effect which is promising for the sample in
spherical and cylindrical geometries. Spherically and cylindrically foods tend to concentrated MW
energy at center when diameter is in the range of 20-00 mm as shown in Fig. 6 (Ducareeu. 1992).
Therefore. as MW energy propagated through mango, it focused at the center, causing o in this

experiment possibly deeper than 23 mm.
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Figure 6. Focusing effect in spherical and cylindrical foods. Adapted from Buffler {1995).

Besides the focusing effect fouad in this work, it is possible to evaluate electric field intensity
using the results from heat penetration study. An increase in temperature of a material due to dielectric

heating can be caleulated from (Waog et al., 2003):
<, ’%: 5.563x%107" fE (3]

where: C, is specific heat of material in J/kg-°C, pis density of material in kg/m’, £ is electric
field intensity in ¥V/m, fis frequency (2,450,000 for houschold MW oven) in Hz, AT is temperature rise
in material in °C, and ¢ is treatoment time iv s. Using thermo-physical properties of the mango in Table
| and wmperature rise from heat penetration sody (Fig. 3), together with £” of 14 from the literature
(Venkatesh and Raghavan, 2004}, the £ can be caloulated. Table 2 shows that Es at the center of MW
cavity for 50% and 100% MW power were 1,054 and 1,180 V/m, respectively. One should take into
account that these numbers are not absolutc since on-line temperature measurement was not available,
However, it clearly illustrates that the higher the MW power, the greater the MW field strength,

regardless of treatment time.
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Table 2. Estimated electric lield intensity al the cenler of MW oven cavity intecacting with Chokanan mango.

MW power (%} Treatment time (s) Temperatupe rise (°C}_ B (v _

50 W 107 1,070
50 40 w1 1.037
Average 1,054
100 20 124 1,152
100 40 73 1,209
Average L8
Conclusion

MW treatment with power of 50% increased internal temperature of mango from 25°C to aboui
45°C within 40 s Orientation of the sample inside MW cavity greatly affected the local heat absorption
in mango where the closer distance from fruit to cavity wall was subjected to the higher heat
absorpticn. Mango whose stem-apex axis positiened horizontally (more distance from the wall to the
fruit) absorbed heat wore uniformly than that positioned vertically. MW energy penetrated into mango
(at least 23 mm) and was converted 1ato heat, which later diffused ontward to the skin. Therefore, the
cold spot of the mango treated with MW was observed at the outer layer of fruit, which is apposite to
those treated with VHT where cold spot is found near the pit inside mango. MW heating can overcome
the slow come-up time of VEHT (40 s by MW versus 100 min by VHT) and may be cither a stand-alone
process or & combined process with VHT to improve quarantine heat treatment efficiency. Further
work may also be directed toward the design of MW cavily suitable for mango, quality evaluation of
mango after MW treatment {e.g., sensory evaluation, firmness, nutrition depgradation and ripening

process) and completed process protocol of MW-based oriental fruit fly quarantine treatrnent.
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1 Microwave-Vapor Heating Technique for Mango Quarantine
2 Treatment: Oriental Fruit Fly Mortality and Fruit Quality
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7
8  Abstract
9 The objective of this research was to develop a microwave-vapor heat treatment (M VHT) for
10 ‘Namdokmai St Thong' mango (Mangifera indica L) to quarantine oriental fruit fly (Dacus dorsalis
11 H.). Mortality rate of egg and quality acceptability characterized by Thermal-Death-Time (TDT) and
12 Thermal-Quality-Time (TQT) overlay plot was first obtained by hot-water immersion. Two
13 treatments within a range of acceptable mango quality were selected for infestation experiment to
14 confirm MVHT quarantine process. Results show that the effective quarantine temperature was
15 higher than 48°C for a minimum time of 2 min. The MVHT using microwave for preheating
16 followed by vapor for holding processes effectively disinfested oriental fruit fly egg up to 100%.
17 Changes in physio-chemical properties, namely, color, titratabls acid (TA), total soluble selid (TSS),
18 TSS/TA, and firmuess, of MVHT mango were not significantly difference (p>0.05) than those of the
19 control. MVHT offered less percent of heat damage on mango than conventional VHT and shertened
20 quarantine process time more than 90% during come-up period. MVHTs also retained equivalent or
21 better Jethality effect on oriental fruit fly eggs than did by the conventional VHT.
22
23 Keywords. Microwave-vapor heat, Quarantine treatment, Oriental fruit fly, Mange, Quality.
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1. Introduction

The export of Thai mango (Mangifera indica 1..) exhibits increasing trend due to the high value
added to the commodity. Tn 2004, the export value per kilogram of mango increased about 58%
compared to the export value in 2003 (Office of Agriculture Economics, 2005). This increasing trend
initiates the awareness of Thal agro-industries about the regulation of trading countries. One of the
major threats to the preminm markets such as Japan and Australia for Thai mango is the presence of
oriental fruit fly (Dacus dorsafis H.) inside the fruit. Since cancellation of ethylene dibromide (EDB)
fumigation from the past two decades, non-chemical quarantine treatments, e.g., vapor heat treatment
{VHT) and hot water dipping became the commen methods to control this pest. Recently, an interest
of electromagnetic treatments, for instant, microwave and radio frequency, to control oriental fruit fly
in fruits has emerged. Microwave rapidly generates heat in food materials and may be used as an
alternative to conventional VHT which has drawback due to its slow come-up period.

According 1o Thai regulation for mango expori, general guideline to disinfest oriental fiuit fly in
mango using VHT was accomplished by monitoring the cold spot of mango at 47°C for 20 min
during VHT. This treatment achieved thermal death time higher than 3D (equivalent to LT g g99) for
the first instars (16.45 min) and the egg of oriental fruit fly (<8.91 min) (Jang, 1986), but stightly
tower than SD for the third instars (22.3 min) (Jang, 1991). An increase in internal temperature of
mango up to 47°C by VHT would take longer than 45 min, hence the fruit would be susceptible to
heat damage. With tapid heating by microwave, a concept of high-temperature-short-time {HTST)
{reatment is possible 10 shorten treatment time whiie retaining lethality effect higher than 5. The
HTST concept is extensively used in food processing to mimmize thermal degradation of food
quality (Stumbo, 1973; Lund, 1977; and Heldsworth, 1997) and may be applicable for insect
quarantine process. Tang et al. (2000) proposed the HTST thermal quarantine methods using radio
frequency to control codling moth larvae in in-shell walnuts to be a temperature range of 50-54°C.

The third instars codling moth in cherry was also studied {Tkediafa et al., 199%). The 915 MHz
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microwave treatment on cherries can achieve the fruit temperatures of 45, 50, and 55°C but quality of
fruit was promising with treatments of temperature less than 50°C.

With regard to mango quaranfine treatment, HTST could give several advantages over the
convenlionzl heating in ferm of shortening of come-up time, equivalent or better quality retention,
energy minimization, and insect mortality assurance due to high temperature treatment. Varith and
Kiatsiriroat (2004) studied the microwave heating on Chokanan mango with 2,450 MHz / 800 W-
microwave oven and found an increase of internal temperature up to 46°C within 40 s, Heat
distribution inside the fruit depended ou fruit orientation, microwave power and treatment time. The
horizontal positioned mango treated with 50% microwave power yielded better heat distribution than
the vertical one. Continuing to this work, our purpose was to develop a full microwave-vapor heat
treatment (M VHT) for oriental fruit fly quarantine process in Namdokmai Si Thong mango which is
the export variety. The first experiment explored the lacking information of therma! death and
quality kinetics at temperature higher than 48°C. The MVHT process was then developed based on
thermal death and quality kinetics. Finally, experiments were conducted to confirm the MVHT

guarantine method along with measurement of changes in mango quality after the MVHT process.

2. Materials and Methods

2.1 Materials

Namdokmai 81 Thong mangoes freshly harvested from two orchards in Chiang Mai, Thailand, wers
used in this research. The first orchard provided domestic-graded mango while the second orchard
offered export-graded one. The domestic-graded mangoes were primarily used for insect moriality
study while the export graded-mangoes were used for a study of changes in quality after MVHT.
During fruiting stage, intact export-graded mango was enfolded with horticultural envelope while the
domestic graded one was enfolded with the regular white paper. This yielded a major difference in
color of skin where domestic-graded mango dominated the green color while the export-graded

mango dominated the yellow one {Table 1). Other physical-chemical properties of mango between
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two orchards were not different. Afler harvesting, each lot of mango was stored at 13°C / 90%RH
for 48 h prior to the experiment. The experiment was accomplished within 72 h to avoid effect of
ripening. Each mango weighed between 300-330 gyfruit with maturity of 80% (commercially
estimated). Firmness was characterized with iwo parameters; faiture force at rupture point and
apparent elastic modulus {ASAE Standards, 2003). Details of firmness measurement were discussed
further. Eight hours prior to the test, the samples were equilibrated in room condition of 25°C /
60%RH. Thermo-physical properties of domestic- and export-graded mangoes measurad at the room

condition (25°C / 60%RH) are presented in Table 1.

2.2 Mass rearing of oriental fruit fly

Oriental fruit fly pupae were reared in the Department of Plant Protection, Maejo University, in
screen cages at 25-27°C / T0%RH. Flies that emerged were provided with sugar, hydrolyzed yeast
profein, and water. Eggs were collected from mature females (10-14 days old) during i-h period.
Epgs used in mortality study were transferred into agar gel box {size of 30x35x20 mm) while those

used in infestation experiment were transferred in the mangoe fruit.

2.3 Preliminary study of mortality rate and quality acceptability

Mortality rate of criental fruit fly eggs were studied using hot water immersion technique. Two
hundred eggs were incubated on a thin layer of agar gel inside the plastic boxes (fifty eggs each). For
cach treatment, four incubated boxes were immersed into water bath model MD16-G (Juiabo
Labortechnik GmbH, Germany) with an accuracy of £0.5°C under the controlled temperature of 46,
48, 51, and 55°C for 2, 5, 12 and 20 min. This resulted in a total of 3200 eggs. It is noted that an
increase in medium temperature within 20.5°C of the desired temperature required approximately 10
min. Therefore, all mortality treatments were subjected to the additional come-up time of 10 min;

bringing on the actual immersion time of 12, 15, 22 and 30 min. It was also assumed that thermat
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lethality effect on insect during come-up period was less sigrificant than that during holding period
and was negligible.

For quality acceptability, four mangoes (domestic graded) per treatment were immersed in hot water
bath under the desired temperatures of 46, 48, 51, and 55°C for 2, 5, 12 and 20 min, equivalent to the
mortality study. The experiment was replicated twice, resulting in a total of 128 fruits. To reach
temperature within £0.5°C of the designated temperature, the extra five minutes were required so that
the actual elapsed time were 7, 10, 12 and 20 min. After hot water immersion, treated mango was
hydro-cooled with 25°C sprayed water for 30 min. All treated mangoes were then stored at [3°C /
90%RH for 3 days before assessing the heat damage by percent of browning area. Details of heat
damage assessment are discussed in section 2.6.

To quantify the acceptable temperature and time for quaranting treatment, Thermal-Death-Time
{TDT) plot of insect mortality was established, overlaying with Thermal-Quality-Time (TQT) plot.
TDT plot exhibited ranges of insect monality while TQT plot indicated percent of damage area on
mango peel. Acceptable quarantine process was an area in overiay plot where the insect was 100%
killed and no damage on mango. Treatments of acceptable temperature and time were selected for

further full-quarantine process development in the tiext experiment.

2.4 Development of MVHT Quarantine Process

For MVHT process development on mango, preheat during come-up period was accomplished by
microwave treatrment adapted from Varith and Kiatsiriroat (2004) where Chokanan mango treated
with MW power of 400 W for 40 sec increased its internal temperature at the cheek area up to 46°C.
Export-graded mango was treated with MW power of 50% using 2,450 MHz / 800 W microwave
oven model R-254 (Sharp Co., 14d., Japan). MW preheat treatment was divided into 2 steps. Firstly,
the mango was placed in herizontal position on a polypropylene support at center of the oven and
rotated while being heated with MW power of 400 W for 40 s (Figure 1a). Secondly, the mango was

placed approximately 20 mm away from the exit of waveguids without rotation (Figure 1b). The
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25°C water of 1800 em® was piaced beside the mango to absorb microwave after penetrating through
the mango and to reduce the microwave reflection back to the mango. This step provided a virtual 1-
I radiation focusing af the mango cheek which was the thickest part and subjected to the slowest
heating during conventional VHT heating. Finally, mange was transferred to a vapor (saturated steam)
cabinet for VHT holding process where temperature inside was controlled at 5531°C using
temperature controller and solid state relay. During treatments, mangoes were sampled in 4-5 periods
and cut in-half for a thermography imaging. Then, thermography images of the sectional mangoes
were quickly taken for step-wised heat distribution during MW and VHT periods using thermal
imaging camera model IR FlexCam™ (Infrared Solutions, Inc., MN, USA). After MW lreatment, the
slowest heating spot during MVHT process was identified and used as a reference for holding
temperature during VHT. After preheating and holding period of MVHT, the mango was cooled
down with showering water of 25°C for 30 min. All MVHT preliminary experiments were replicated
six times with six mangoes each. Treated mangoes were stored at 13°C / 90%RH for 24 h for
assessment of percent damage on peel and flesh. Figure 1 schematically demonstrated the steps of

MVHT quarantine treatiment on mango.

2.3 Confirmation experiments on MVHT and VHT quarantine processes: insect mortality and
fruit quality

Two selected time-temperatore combination in acceptable range of TDT and TQT curve were
selected for the infestation experiment. Each domestic-graded mango was infested with fifty eggs
onto the flesh slice, about 23 mm deep from the peel, and sealed with clear tape to prevent leakage of
water into infested area. Two MVHTSs and one conventional VHT using 55°C saturated vapor were
selecled for quarantine treatments. Experiment was replicated twice which led to a total of 48
mangoes with 2.400 egps. Treated mangoes were then stored at 25°C / 70% RH to observe an
emergence of larvae. Morality rate of oriental fruit fly egg (reciprocal of percent of egg emergence)

was reported.
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For quality changes over a period of storage time, two selected MVHT and one VHT treatments were
performed on 48 export-graded mangoes with two replications of six fruits per treatment Afler
treatment, mangoes were stored at 13°C / 80%RH for 15 days. Quality measurements, namely, color
of peel and flesh, firmness, tritratable acid (TA), total soluble solid content (TSS} and ratio of
TA/TSS were determined on two mangoes from each replication for every third day. Quality
parameters were apalyzed using Analysis of Variance (ANOVA) using StatView™ version 5.0 (SAS
Institute, Inc., NC) with $5% confident interval. Quality parameters were reported significantly

different when p<0.05.

2.6 Quality measurement methods

Color. Spectroscopy model MimSean XE (Hunter Associates Laboratory, Inc., Reston, VA) was

used fo measure color of mango. Measuring condition was set using 10/45° angle with D65
lluminant. Spectroscopy was standardized with white and black plates following the factory protocol.
CIE scale (L*-a*-b*} was reported as the color parameters. Measured parameter L* indicated
lightness with scale from 0 1o 100; a* indicated red (-a*) to green (+a*); and b* indicated yellow (-b*)
1o blue {+b*) scale.

Firmness: Firmness of mangoe was determined by two means under penetration test; 1. maximum
{orce at rupture; and 2. apparent elastic medulus followed the guideline of ASATL 8386.4 DECO0G
(ASAE Standards, 2003). Stainless steel probe with a diameter of 6 mm and radius of curvature of
indenter about 66.9 mm: was used to penetrate mango flesh to 10 mm in depth. Cross-head speed was
set at 1 mm/s, Apparent elastic modulus (E) was calculated using Equation 1 as:

L

3
Ee 0.338KFF(1- ) ( 4 Jz

d {1

3

D?

where £= apparent modulus of elasticily (Pa), D=deformation {m); p=Poisson’s ratio (assumed 1o be
.45); F=force (N); K /~dimensionless factor (=1.351 for a flat surface-indenter test); and d=diameter

of curvature of the spherical indenter.
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Tritratable acid (TA): TA was determined by indicator method followed the guideline of AQAC
942.15. (AQAC, 1996).

Total soluble solid content (TSS): TSS was determined by hand refractometer model N-1o (Afego
Co., 11d, Japan).

Heai damage assessmeni: Heal damaged on treated mange was assessed from percent of browning
area of the peel or whitening area of the flesh. While being placed on a graphical paper, the mango
was captured by a digital camera and then transferred into Adobe® Acrobat Professional® version 6.0
for the area determination using area measuring tool (Figure 2). Percent of damage and nen-damage
on each mango was assessed from:

Browning or whitening area of damage

2]

% damage =
Total area

3. Results and Discussion

3.1 Preliminary study en mortality rate and quality acceptability

Table 2 shows that oriental fruit fly in egg stage was susceptible to heat tolerance at 46°C up to 12
min. Our results agreed with the data presented by Jang (1986) that gave a calenlated lethality time in
egg stage of 8.91 min and yielded thenmal death rate of 557 (L'Tog ¢56}. However, the thermal death
rate data of egg above 48°C were absent. Since our result indicates that the temperature higher than
48°C with holding time al least 2 min yiclded 100% mortality, these treatments were promising for
the holding condition for furthet MVHT quarantine treatment of mango.

Table 3 indicates that the mangoes undergoing treatment at $1°C with holding time up to 12 min
were not damage due 10 heat. Mangoes subjected to heat at 51°C for 20 min and 55°C for 5 min were
slightly susceptible to damage less than 5%. With temperature of 55°C for holding time longer than 5
min, heat damage on mango increased no more than 15%. The TDT and TQT overlay plot (Figure 3}
shows the shaded area of quarantine treatment. Therefore to assure non-damaged quarantined fruit,

the upper houndary of quality acceptance was approximately at $5°C for short peciod of time for 2
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min, down to 48°C for 20 min. On the other hand, orental fruit fly egg mortality was 100%
effoctively disinfested with the lower boundary of 46°C for 20 min up to 48°C for 2 min, The
crossing area between upper boundary of quality acceptability and fower boundary of insect mortality

were usable for HTST quarantine development using MVHT process.

3.2 Development of MVHT Quarantine Treatment
Several MW preheat configuration of mango in MW cavity were examined but four effective
treatments were selected as follows:
Treatment a: Mango was heated with MW power of 400 W for 40 s while being placed at the
center of cavity and rotated horizontally (Figure 1a). Rotation was paused at half time of
treatment to turn over the mango for MW absorbing equilibration. This treatment was denoted
as MW20/204
Treatment 5: Mango from treatment & was transferred 1o the second MW oven, The fruit was
placed about 20 mm from the exit of MW waveguide with water load behind the mango to
absorb MW (Figure 1b). MW power was set at 400 W for 20 s treatrnent with the 10 s turning
process each. This treatment was denoted as MW 10/10b.
Treatment ¢: Mango was freated in similar manner of Treatment a but using MW power of
400 W for 70 s with 35 s turning process each. This treatment was denoted as MW35/35¢.
Treatment 4 Mango was treated in similar manner of Treatment b but using MW power of
400 W for 70 s with 35 s turning process each. This treatment was denoted as MW35/35d.
The preheat treatments of MW20/202 and MW35/35¢ yielded an internal temperature of mange
higher than 47°C which was usable for the further VHT treatment. Figure 4 demonstrates that
MW?20/20z increased the internal temperature of the mango up to 54°C. However, heat was
concentrated at location near stem and apex of the fruit. Cold spot was observed at the fower cheek
(see cold spot of MW20/20a in Figure 4). With an addition of MW10/10b treatment, heat was added

around the center area of the fruit as well as at the cald spot. Therefore, after being preheated with
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230 MW20/20a and MW1{0/10b treatments, mango increased its internal iemperature o a range of 51-

231 57°C while the outer part attained about 46°C. This condition satisfied the initial temperature to

232 quarantine oriental fruit fly during come-up pericd. As quarantine treatment proceeded to the holding

233 process by VHT, the internal temperature started to decay but remained higher than 47°C. Thermal
234 image at 3 min in Figure 4 (1 min for MW heating and 2 min for VHT) revealed that the internal
235 temperature of mango started to even out at the temperature higher than 47°C in all parts. Therefore,
236 it is suggesied that the holding period of quarantine treatment may require two extra minutes in VBT
237  chamber to homogenize the internal temperature of the mango. It should be noted after MW preheat
238  treatments, temperature at the areas of stem, lower cheek and apex (point 1, 3 and 4 in Figure 4.

239  accordingly) changed faster than the upper check area (point 2) when subjected to the external

240 convection heating, possibly due to its less thermal mass. Therefore, point 2 at the cheek and point 3

241  at the cold spot may be used as the control points for MYHT process.

242 Figure 5 shows that treatment combination of MW35/35¢c and MW35/35d increased the internal

243 temperature of mango beyond 50°C in most part of the mango, where the lowest temperature

244 appeared at location near the stem (point 1 in Figure 5). The highest temperature appeared at the
245  cheek. After 2 min of centinuing VHT treatment, the internal temperature started to equilibrate in all
246 parts where heat concentrated at the cheek diffused outward to the skin, Until 5 to 10 min after

247 starting VHT, temperature of the whole fruit was totally equilibrated with temperature approximately
248 53°C. Therefore, it seems that the temperature created by treatment MW35/35¢, MW35/35d and
249 VHT satisfied the high infernal temperature approximately 50-55°C and might be used as a

250  quarantine treatment. However, it appears that the highly concentrated MW power caused severe
251  damage on the cheek. This corresponds to the TQT plot where the mango undertaken treatment

252 higher than 51°C could not withstand the long holding time before damage occurred. After storing
253 for 48 hin 13°C / 9G%RH condition, heat damage was found to have a collapsed browning skin and

254 the fruit was not acceptable. Therefore, the preheat treatments of MW35/35¢ plus MW35/35d were
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excluded from this work, Treatments of MW20/20a and MW 10/10b followed by VHT were sclected

as a HTST quarantine process further parts of this research.

3.3 Confirmation experiments on MVHT and VHT quarantine process: insect mortality and
fruit quality
From TDT and TQT analysis together with MVHT development, two MVHT and cne VHT
quarantine processes were selected as follows:
MVHT]: Pre-heating process composed of MW20/20a, followed by MW 10/10b. Holding
process was performed by VHT 55°C for 18 min. Cooling process afterward was carried out
by water showering at 25°C for 30 min. This process satisfied the quarantine protocol with
100% mortality with damage on fruit less than 15%.
MVHT?2: Pre-heating process was completed with the same process as MVHT] but shorter
VHT 55°C holding time for 7 min. Cooling process afterward was performed by water
showering at 25°C for 30 min. This process satisfied the quarantine protocol with 100%
mortality with no damage on fruit.
VHT47: Pre-heating process was performed by vapor at 55°C using temperature near pit
(location 2 in Figure 4) as a control point. Holding process of 18 min began when control
poinl reach 47°C vunder vapor temperature of $5°C, Cooling process afterward was performed
by water showering at 25°C for 30 min. This process satisfied the quarantine protocol with
90% mortality rate (1.D) as reported by Jang (1986).
Tuble 4 indicates that MVHT1 and MVHT?2 vielded 100% mortality of the oriental fruit fly infested
into the mango. VHT47 provided $6.2% mortality which was closed to estimation from our TDT plot
and also in proximity with kinetics study of Jang (1986). Mangoes treated with MVHTZ showed no
sign of skin damage but did in MVHTL and VHT47. However, a slight damage (=1%) of MVHT2
mange was cbserved as a consequence of heat concentrated at the apex of pit. This flesh damage

appeared 10 be white-collapsed tissue due o high heat concentration but not progressive to be rotten.
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Damage on the MVHT1 mango was more severe than did on the MVHT2 one while damage on the
VHT47 mango was the most severe with progressive shrinkage of tissue at the apex of the fruit.
Congidering time-wised comparison, the come-up penods of MVHT! and MV T2 were
accomplished within 2 min. Afier that, reated mangoes were pre-holding with 55°C saturated vapor
for another 2 min before the actual holding time started. This brought on a total elapsed time during
come-up period about 4 min. On the other hand, the come-up period of VHTA47 took approximately
45 min with 55°C saturated vapor to rzach the internal temperature of 47°C. Thus, MVHTs shortened
process time during come-up period about 91%. Figure 6 demonstrates heating-cooling profiles of
MVHTs and VHT47 treatments using 55°C vapor as a heat source.

Regarding quality changes afler treatment, Figure 7a demonstrates that TA significantly decreased
{p<0.01) while being stored for 10 days. However, there was a slight increase in TA at day 13 with
unknown reason. In contrary, TS, which represented the source of sucrose, significantly increased
(p<0.01) during 13 days in storage (Figure 7b). The same increasing trend was observed on ratio of
TSS/TA (Figure 7¢). There was no significant difference (p=0.07) among treatments affecting TA,
TS8S and TSS/TA. It means that MVHT1, MVHT2 and VHT47 did not affect the changes in physio-
chemical of mango during a period of storage, except for some heat damage on the fruit.

Figure 8a and &b indicales that firmness as defined by maximum force at rupture and apparent elastic
modulus significantly decreased (p<0.01) during 13 days of storage. There was no significant
difference in firmness (p=0.36} among all MVHTSs and VHT47 treated mango. In our observation,
the mangoes with and without treatments showed sign of softening as they were undergoing ripening
process, which corresponded to the measured firmness value.

During 13 days of storage, L* and a* of mango peel significantly decreased (p<0.01) while b*
significantly increased (p<0.01) (Figure 9}. That means the mango peel with long storage time was
stightly more saturated yellow than those with shorter period of storage. There was no significant
difference (p>0.05) in all color parameters among MVHT and VHT treatments. Similar trends were

observed on the mango {lesh during 13 days of storage (Figure 10). 1.* and a* of mango flesh
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significantly decreased (p<8.01) while b* significantly increased (p<0.G1). However, the narrower
error bars for color parameters of flesh than those of the peel indicated less variation of color changes
during storage. Thus, the color changes of the flesh may be used an indicator for the ripening process
of mango more precisely than those of the peel. Finally, it can be concluded that either MVHTS or
VHT vielded the similar ripening eflect as did in non-treated mango due to the similar trend of

physio-chemical changes after quarantine treaiment processes.

4. Conclusions

1. TDT and TQT overlay plot for HTST was established. The oriental fruit fly egg was effectively
disinfested with temperature higher than 48°C with a minimum helding time of 2 min. Meanwhile
mango was susceplible to heat damage with upper boundary of quality acceptance at 55°C for 2 min,
downward to 46°C for 20 min.

2. A MW preheat trestment of MW20/20a followed by MW 10/10b increased the internal temperature
of mango higher than 54°C. Then, internal temperature started to decay due to the diffusion of heat
outward 1o skin. An addition of VHT holding process can homogenize the temperature throughout
the whole fruit to remain the temperature higher than 47°C.

3. Mango infested with oriental frunt fly egg treated with MVHTZ resulted in 100% mortality of
insect and was least susceptible 1o heat damage {=1%). Mangoes treated with either MYVHTs or VHT

was undergoing the same ripening process as was in non-treated mango.
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359 Tables

360  Table 1. Basic thermo-physical properties of two crops of Namdokmai 51 Thorg mango at 25°C.

Thermo-physical property i Value Unit Measuring device/method
Fruit whole mass (m) 0.313 £ 0.009 Kg 0.01 g precision balance
Dengsity of flesh (p) 973.0x29.0 Kg/m® Mass / volume of flesh cylinder!
Specific gravity 1.006 + 0.004 - Water replacement
Thermal conductivity (k) 0.474 £0.015 W/m-°C Line-heat source’
Specific heat (Cp) 37950211 klkg-°C Differential scanning calorimetry’
Firmness

Failure force 3.27+£0.52 N Texture Analyzer with §6 mm

Apparent elastic modulus .69+ 0.31 MPa  probe using ASAE standards
Total soluble solid content (TSS) 205+0.74 ePpix Refractometer
Tritratable acid {TA) 0034+ 0.013 % Indicator method

Color of peel / fleshl (export)

TRE 64.1+22/71.2+3.4
a¥ 4.1+ 1.9/-09+£02
b* 346+ 1.8/176+45  Specirophotometer model
Color of peel / flesh2 (domestic) MiniScan XE (Hunter Associates
L* 66.64:3.6/692x24  Laboratory, Inc., Reston, VA)
a* D6+£35/-12£05
b* 37.2428/165+43

361 1. Average values with S.1. of 4 frurts from each orchard, 2 measurements per fruit.

362 2 Probe made by Thermal Loge, Pullman, WA, Thermal power/unit length = 3.40 W/m; Guideline by Sweat and Havgh
363 (1974)

364 3. Guidelne by TA Instruments (1998); Scan rate of 1°C/min
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Table 2. Mortality rate of oriental fruit fly treated with combination of time and temperature during

egy siage.

46°C

55,0 g
48.8
96.7

100

100

100

100

100

Moﬂaﬁty rate (%o} )

51°C ssec
100 oo
100 100

100 100

100 100

Table 3. Percent damage on mango skin afler hot-water immersion at vanous times and temperatures.

Time {min}

Fruit damage (%) '

46°C 48°C s1°C
p) 0 0 0
5 0 0 0
12 0 0 0
20 0 0 45

55°C

0

3.6

12.7

53




—

374

375

376

377

54

Table 4. Mortality rate of onental fruit fly egg and percent damage of mango treated with MVHTs

and VHT.
Treatment Mortalily rate (%)  Fruit damage (%) General appearances o
“External  Internal
MVHT1 100 15.2 11.4 External skin browning with internal
cotlapsed tissue at stem and apex of pit but
not progressive
MVHT2 100 0 1.1 Non-darnage skin with slightly internal
collapsed tissue at apex of pit but not
progressive
VHT47 96.2 16.2 82 External skin browning, progressive

damage with time and internal cooked

tissue at apex of fruit
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Figure Captions

Figure 1. Steps of MW heating ot mango: a) horizontal-MW heating, and b) MW heating with water
load.

Figure 2. Damage area determination of mango peel using measuring tool in Adobe® Acrobat
Profession® version 6.0.

Figure 3. TDT versus TQT piot for mango quarantine treatment. Each point represents an average of
& fruits for quality or 200 eggs for mortality rate evaluation.

Figure 4. Temperature history of MYHT mango treated with MW20/20a and MW 10/10b (dashed
line), followed by VHT of 55°C {solid ling). Locations of temperature taken inside mango
corresponded to numbers indigated in thermal image. Temperature mapping of mango was coded
according to color scaled bar.

Figure 5, Temperature history of MVHT mango treated with MW35/35¢ and MW35/35d (dashed
ling), followed by VHT of 55°C (solid line). Locations of temperature taken inside mango
corresponded to numbers indigated in thermal image. Temperature mapping of mango was coded
according 1o color scaled bar.

Figure 6. Temperature profiles of mango treated with MVHTs and VHT for quarantine process.
Number in each profile corresponds to location of temperature measurement presented in Figure 4.

Figure 7. Changes in titrable acid (TA), total soluble solid content (T88) and TSS/TA of mango with
and without MVHTs during period of storage. Error bar indicated standard error of mean.

Figure 8. Changes in firmness of mango with and without MVHTSs during period of storage. Error bar
indicated standard error of mean.

Figure 9. Changes in color of mango peel with and witheut MVHTs during periced of storage. Error
bar indicated standard error of mean.

Figure 10. Changes in color of mango flesh with and witheut MVHTs during peried of storage. Error

bar indicated standard error of mean.
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Figure 1. Steps of MW heating on mango: a) horizontal-MW heating, and b) MW heating with water

load.
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Figure 2. Damage area determination of mango peel using measuring tool in Adobe” Acrobat

380
381 Profession® version 6.0.
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5 Figure3. TDT versus TQT plot for mango quarantine treatment. Each point represents an average of
6 8 fruits for quality or 200 eggs for mortality rate evaluation.
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Figure 6. Temperature profiles of mango treated with MVHTs and VIT for quarantine process.

Number in each profile corresponds 1o location of temperature measurement presented in Figure 4.
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